The parasitic protist Trichomonas vaginalis was cultured in chemostats with glucose or maltose as carbon and energy source. The maximum growth rate was about six divisions per day independent of the substrate, and the apparent K,,, for glucose was 0375 mM. While growing on maltose, the growth rate depended linearly on the maltose concentration, indicating that in contrast to glucose metabolism a diffusion step is rate-limiting to maltose metabolism. Cultures were examined over a wide range of growth rates under four conditions: utilizing glucose or maltose as carbon and energy source, with the carbon source rate-limiting or present in excess. Cell density, cellular protein and carbohydrate content as well as residual substrate concentration in the culture fluid were measured a t each steady state. The protein content was constant at 100 pg protein per cell except when 1 . vaginalis was cultured under glucose limitation; in the latter case, slow-growing cells had less protein than cells grown a t high rates. When growing under glucose limitation 1 .
INTRODUCTION
Thc carbohydrate metabolism of the anaerobic flagellated prc )tist Trichomonns uaginalis, a parasite of the human urogenital tract, has been explored in considerable detail (hliiller, 1988, 1991) . Mitochondria are absent in this o r p n i s m and part of its pathway for carbohydrate metabolism is located in hydrogenosomes (Muller, 1993) . Glucose, maltose and glycogen can be utilized as carbon and energy sources (Read, 1957; Simonetti e t al., 1989) . Glucose is transported across the plasma membrane by a facilitated diffusion carrier (Ter Iiuile & Muller, 1993) . hl.tltose is hydrolysed in the stagnant layer around the cell b! an extracellular a-glucosidase and subsequently taken -~ 0001-9020 0 1994 SGM up in the form of glucose (Ter Iiuile & Muller, 1994 ). The energy metabolism of cultured cells is fermentative with glycerol, lactate, acetate and CO, as end-products, both in the presence and in the absence of oxygen (Mack & Muller, 1980) . Under anaerobic conditions H, is produced, an unusual product for a eukaryote.
Traces of oxygen stimulate growth and the partial oxygen pressure influences the relative abundance of metabolic end-products formed (Lloyd & Paget, 1991) .
Studies on the energy metabolism of this organism have been conducted in cultures and with cultured cells. In contrast, there is an almost complete ignorance of its physiology in the human vagina, its primary habitat. This immediate environment of the organism undergoes extensive changes during the menstrual cycle and also shows a broad spectrum of differences depending on the extent of infection. In subclinical infections vaginal conditioris are normal, including low pH, while in florid acui-e trichomoniasis there is abundant discharge and elevated pH (Muller, 1988; Fouts & I<raus, 1980) . Obviously, I-. vaginalis copes with the significant changes that occur in ii s environment, but by as yet unknown mechanisms. The varying abundance of the parasite and the possibility of its asymptomatic persistence in the vagina indicate that its multiplication rate can vary within a wide range. Becaus: direct studies of the in situ physiology of T. vaginalis are well-nigh impossible, a detailed understanding of its physiological adaptability and the definition of its tolerance of environmental changes is desirable.
Chemostats allow the growth of cultures under condition:; that reflect natural conditions more closely than batch cultures (Veldkamp, 1976) . Due to the continuous replacement of part of the culture with fresh medium. chemostat cultures do not reach a stationary phase, but the cells continue to multiply at the pace allowed by the supply of fresh nutrients. After three to five volume changes, a so called steady-state is reached. At steady-state the increase of the biomass as a fraction of the existing biomass, the specific growth rate (p), is controlled by the concentration of one growth-rate-limiting component of the medium and equals the dilution rate (D). The possibility of growing organisms at constant conditions and growth rates, according to experimental design, for prolonged periods of time, enables a far more detailed study of their physiology than is possible in batch cultures.
X number of important physiological parameters, such as maintenance energy and yield, can only be measured in chemostats. Changes in the nature of the growth-ratelimiting substrate, either the carbon and energy source or another essential component, greatly affect the metabolism of most organisms studied so far (Veldkamp, 1976; Stouthamer, 1979 ).
The chemostat is widely used in the study of prokaryotic micro-organisms but in spite of its potential has been used only infrequently with eukaryotic organisms other than yeasts. A particularly promising application of chemostats is in the study of those parasitic protists which lead an extracellular life in their host, i.e. obtain all their nutrients in the form of dissolved molecules. This approach has been applied successfully to study the physiology of the parasitic protists Tgpznosoma brucei and Leishmania donovani, but only in one study on T. vaginalis. In the chemostat T. vaginalis can be grown at both high and very low growth rates, corresponding to doubling times from 4 h down to 100 h (Lehker & Alderete, 1990) . Changes in the pH of the medium severely affect the acid production, indicating shifts in metabolism (Lehker & Alderete, 1990 ).
The present study was undertaken to explore the energy metabolism of T. vaginalis with glucose and maltose as carbon and energy sources. The results show a great adaptability of the organism and a very high maintenance energy. The outcome of the present study suggests that the metabolic strategy of T. vaginalis is to devote considerable resources to maintaining internal homeostasis, corresponding to the requirements for survival in an environment where nutrient supplies and other conditions vary widely. The mechanisms for adaptation of the carbohydrate metabolism are explored in the accompanying paper (Ter Kuile, 1994) .
Culture conditions. Tricbomonas vaginalis (strain NIH-C1, ATCC 30001) was grown in single-stage, flow-controlled chemostats with a working volume of 100 or 200 ml, whose design has been described earlier (Ter Kuile & Opperdoes, 1991) . The pH was maintained at 6-40 & 0.02 with a control unit (New Brunswick pH 4000) pumping 1 M NaOH. The driving gas was 99-99"/0 pure nitrogen to maintain anaerobic conditions. Any oxygen in the 0.01 % impurities was removed rapidly because T. vaginalis is microaerophilic. The culture temperature was 37 "C. Cheniostats were autoclaved at 120 "C for 20 min. The pH electrodes (Orion gl1500 combination electrode) were sterilized separately by overnight exposure to the vapours of an ethanol/formalin (1 : 1, v/v) mixture.
Phosphate-buffered tryptone/yeast extract medium (Diamond, 1957) was prepared without added carbohydrate, heat-sterilized and supplemented with horse serum after cooling. Glucose o r maltose was used as carbon and energy source. Glucose was filter-sterilized, but maltose was added before autoclaving. When the carbon and energy source was to be rate-limiting, 5 mM glucose or 3.5 mM maltose was supplied, along with 10% (v/v) horse serum. For non-rate-limiting levels of the carbon source, 45 mM glucose and 30 mM maltose and 6.5% horse serum were added. Undiluted horse serum contained approximately 5 mM glucose. The actual carbohydrate concentration was determined for every batch of medium.
The density of the cultures was determined daily by counting cells in a haemocytometer. Initially the drift of the pH electrodes was monitored daily by measuring the pH of a freshly drawn sample with a pH meter. When drift exceeded 0.02 units, the calibration was corrected. Virtually no drift occurred after an initial 48 h period and thus pH was measured only 2-4 times per week. When culture conditions remained constant for at least five volume changes and the cell density remained unchanged for at least 24 h, the culture was assumed to be in steady state. After measuring the dilution rate and carrying out the sampling programme described below, conditions were changed according to experimental design by varying the dilution rate and/or changing the composition of the medium.
Determination of metabolic parameters. At every steady state, culture fluid was removed and centrifuged at 13OOOg for 18 s. Sedimented cells and cell-free culture fluid were stored at -20 "C for the determination of the following : residual glucose and/or maltose concentration in the culture fluid, cell density, protein content and total carbohydrate content of sedimented cells.
Glucose and maltose concentrations in the culture fluid were measured on samples that were drawn and filtered (0.2 pm pore size) within 15 s. Glucose was determined enzymically on duplicate samples according to Bergmeyer (1 974). Maltose was assayed as glucose after complete hydrolysis by yeast aglucosidase (Boehringer, cat. no. 105414): 5 pl sample and 5 pl a-glucosidase suspension were incubated in 100 plO.1 M sodium acetate buffer pH 6.6 for 30 min at 37 "C. Standards of known Growth of T. vaginalis on glucose or maltose maltose concentration were used to ascertain the completeness of the hydrolysis and unhydrolysed parallel samples served as blanks. Protein was measured by the Bradford method (Bradford, 1976 (Eisenthal & Cornish-Bowden, 1974 ) of the specific growth rate (p) of T. waginalis and the corresponding steady-state substrate concentration (5) for cells rate-limited by glucose. The substrate concentration given on the negative x co-ordinate is connected to the growth rate plotted on the y co-ordinate and the crossing points of the extrapolated lines of several data pairs give the values of the K, on the x co-ordinate and the p,,, on the y co-ordinate. The maximum growth rate is approximately 6 doubling times d-' and the apparent K, for glucose is 0.375 mM. The data set for the highest growth rate (D = 6.05 d-l) does not obey the same kinetics, as is often found at high D, when substrate is no longer rate-limiting.
RESULTS

Growth on glucose
The relationship between the external glucose concentration [Glcout] and the growth rate of T. vaginalis was determined over a wide range of growth rates (Figs 1 and 2) and found to obey Michaelis-Menten kinetics. The maximum growth rate and the affinity of T. vaginalis for glucose were estimated using the direct linear plot (Eisenthal & Cornish-Bowden, 1974) to be approximately 6 doubling times d-l (t2 = 4 h) and 0.375 mM, respectively (Fig. 1) (Ter Kuile & Cook, 1994) . The glucose concentration in the culture fluid at the highest dilution rate is less than predicted. At growth rates approaching the maximum growth rate (pmaX) the rate-limiting substrate is n o longer the sole factor controlling the growth rate (Veldkamp, 1976) ; therefore at such high growth rates Michaelis-Menten kinetics are no longer obeyed. Medium without added carbohydrate was used to ascertain whether glucose was indeed the sole carbon and energy source. The cell density obtained using such medium was 12 ?h of the density at the same dilution rate in the presence of 5 mM glucose and could be Steady-state glucose concentration ( 0 ) ; specific glucose consumption, 9 (0). (Fig. 2a) . Thus the protein content varied between 65 and 200 pg protein per cell. Such changes in protein content were not observed under any of the other conditions applied. The yield calculated as mg protein (pmol glucose metabolized)-' increased linearly with increasing D (Fig. 3) , as is usually observed in eubacteria (Veldkamp, 1976 (Fig. 2b) . The maintenance energy accounts for up to 50 % of the total substrate consumption, considerably more than is generally observed in eubacteria and yeasts (2-10 ?'o ; Stouthamer, 1977 Stouthamer, , 1979 5 p,,,) , T. zJaginali.r changed to a more energy efficient metabolism, as shown by a continued increase in yield accompanied by a slower increase of the specific substrate consumption. At higher D values, up to 40% less substrate was used than predicted by extrapolation of the first part of the curve (Fig. 2) . Such a change to a more energy-saving metabolism was also observed in L. dunuvani, with a breakpoint at 0.5 y , , , as well (Ter Kuile & Opperdoes, 1992b) .
Below a D value of 1-2 d-l, no stable steady-state could be obtained, indicating that the organisms are unable to cope with severe energy limitation.
Cultures of T. vaginalis grown on excess glucose, when
another component of the medium becomes rate-limiting, showed a distinctly different behaviour (Fig. 4) . First, the protein content of the cells remained constant at approximately 100 pg protein per cell. Second, much higher levels of cellular total carbohydrates were maintained, indicating that more storage materials were made. Third, there was no Michaelis-Menten relationship between [Glc,,,j and p (Fig. 4) . Fourth, the dependence of q on D was not linear and the yield was much lower (Fig. 3) , indicating a less controlled and more inefficient metabolism. Maximum cell density was obtained below a D value of 2 d-' and a stable steady-state could still be reached at a D value of 0-8 d-', because the organisms were not subject to energy depletion.
Growth on maltose
Cultures grown on rate-limiting concentrations of maltose had the same protein content per cell as those grown on excess glucose (100 pg protein per cell; Fig. 5a ). Maximum density was at D values around 2 d-' and the cellular total sugar content was, surprisingly, a constant but low amount per ml culture fluid, independent of the cell number. The growth rate depended on the external maltose concentration, [Maltout] , in a linear manner, suggesting that a diffusion-limited step is the rate-limiting factor. Since maltose is hydrolysed by T. vaginalis extracellularly into glucose that is subsequently either taken up through a facilitated diffusion carrier or diffuses back into the medium ( Because the conversion of maltose into glucose occurs outside of the cell, the concentration of glucose close to the transporter determines the growth rate. The lower [Glc,,,] than observed in glucose-limited cultures would indicate that the organism experiences a higher glucose concentration in the stagnant layer around the cell than is measured in the culture fluid. At low growth rates, the specific substrate consumption in glucose equivalents was lower than in glucose-limited cultures and the estimated maintenance energy was low as well (Fig. 5b) . The yield, again per glucose equivalent, was higher than the yield of Growth of T. vaginalis on glucose or maltose (Fig. 3) .
The protein content and cell density of cultures growing on excess maltose declined linearly with increasing growth rate (Fig. 6a) . Again, the total cellular carbohydrate content remained constant per ml culture fluid. The dependence of the [Malt,,,] on D was linear (Fig. 6b) . The [Glc,,,] growing on excess glucose, a wasteful metabolism under these conditions. The yield, calculated per glucose equivalent, was similar to the yield of organisms grown on excess glucose.
DISCUSSION
The aim of this study was to characterize the overall carbon and energy metabolism of T. vaginalis. The very low density of cultures having only the glucose present in the horse serum as carbohydrate source shows that the amino acids of the medium cannot support growth of the laboratory strain used in our study. Hence the glucose or maltose added to the medium were the primary carbon and energy source and the uptake and conversion of other components of the medium does not interfere with the analysis of the carbon and energy metabolism.
Efficiency of the energy metabolism
Crucial parameters to be determined for the description of carbon physiology are the yield and the maintenance energy. Carbon-limited cultures had higher yields than those growing in the presence of excess carbon and energy source, as is generally observed for a wide variety of micro-organisms (Stouthamer, 1979 ; Tempest & Neijssel, 1980) . Otherwise, the pattern of the yields obtained by T. vaginalis on the different carbon sources differs in many respects from what is generally described for eubacteria and yeasts. Only cultures rate-limited by glucose show the pattern usually observed for other micro-organisms, i.e. linear increase of the yield with increasing growth rates (Veldkamp, 1976 ; Stouthamer, 1079; Tempest & Neijssel, 1984) . Greater yield of T.
uaginalis grown on maltose than grown on glucose (per glucose equivalent) has been noted in this study and was observed earlier in batch cultures of T. gallinae (Daly, 1970) . Batch cultures growing on maltose resemble cultures growing on rate-limiting concentrations of glucose, because the hydrolysis of maltose proceeds at rates that probably keep [Glc,,,] limiting. Glucose-limited cultures have a 3-10-fold higher yield than those grown on excess glucose. For continuous cultures limited either by glucose or by maltose the explanation that growth on maltose resembles rate-limitation by glucose cannot be valid. The hydrolysis of maltose cannot be used to generate additional energy. Lactobacilli possess a mechanism for phosphorylating maltose without the expenditure of ATP, hydrolysing the maltose-phosphate and releasing up to 1 mol glucose per mol maltose (Stolz e t al., 1993) . Such a mechanism may be energy saving, but only to a small extent, and would have resulted in higher glucose concentrations in the culture fluid than observed in this study. The most likely explanation is that the up to fivefold higher formation of storage carbohydrates by cells grown on glucose than by those grown on maltose accounts for the difference in yield. 
Habitat and maintenance energy
The maintenance energy of T. vaginalis constitutes up to half its carbohydrate consumption, far more than is usual11 found in yeasts and eubacteria (Stouthamer, 1977 (Stouthamer, , 1979 Tempest & Neijssel, 1984) and about double the proportion that Leishmania donovani devotes to nongrowth purposes (Ter Iiuile & Opperdoes, 1992b; Ter Kuile. 1993) . The maintenance energy is to a large extent utilized to maintain internal homeostasis (Veldkamp, 1976 ; Stouthamer, 1977 Stouthamer, , 1979 T. zl~~q~nalis needs a pH-regulating mechanism to maintain a neutral internal pH at low external pH, at the expense of maiptenance energy. The existence of such a mechanism has riot been investigated in T. vaginalis, but would be consi\tent with the high maintenance energy found in this stud\.
Botli the rate and the composition of the nutrient supply can \ a r y . Fluctuations in the carbon supply can be couii tered by mobilizing the carbohydrate reserves that T.
vagiiialis accumulates when growth is not rate-limited by the carbon source. Growing at high rates on excess glucose, T. vaginalis contains as much carbohydrate as protein, but the total cellular carbohydrate content of maltose-limited cultures can be as low as 10% of the protein content. The outcome of this study and the data on 1 cry slow growth (Lehker & Alderete, 1990) indicate that 1'. zuginalis can survive non-growth or very slow groxvth as long as it is not starved of carbon and energy. The high maintenance energy may be the major reason that carbon-limited cells lysed when grown at growth rate4 corresponding to doubling times of more than 20 h. Similarly, a better viability is generally found for nitrogenlimited than for carbon-limited cultures of eubacteria gro\ving at low rates (Veldkamp, 1976 ). This in turn suggests optimal adaptation to conditions where nutrients other than the carbon and energy source are limiting g ro \r t h . , 1993; Ter Iiuile, 1993) and exerts a strict control over its internal conditions (Zilberstein, 1991) . This control is exercised at the expense of maintenance energy, which is up to a quarter of the total energy consumption. The metabolism of T. zlaginalis has as a primary feature a very high maintenance energy, probably for regulation of its internal conditions. O n the other hand, an ectoenzyme is used for hydrolysis of maltose (Ter Kuile & Muller, 1994) , rather than a separate transporter as found in prokaryotes (Schwartz, 1987) and yeasts (Benito & Lagunas, 1992) , allowing much less tight control over the utilization of the glucose formed. The high maintenance energy and the use of an ectoenzyme for maltose hydrolysis may be considered to be not the most efficient use of the carbohydrate source, suggesting that
